INTRODUCTION
Diffusion bonding, the joining of two surfaces by the interdiffusion of atoms across the interface, is brought about by the application of pressure for a specified time at high temperature. This form of bonding has the attractions for aerospace applications of very high strength and low maintenance costs.
Before applying this form of joining to safety-critical components it is essential that the integrity of the diffusion bonds can be assured at the production stage. Two potential forms of defect have been identified in titanium-titanium joints. One possibility is the formation of a brittle layer of "alpha case" along the bondline. This can happen if oxygen or nitrogen is present during bonding. The alpha-beta titanium alloy absorbs oxygen and nitrogen strongly at the bonding temperature, building concentrations of hard stabilised alpha grains near the exposed surfaces. Since any air present accidentally during bonding is likely to affect all surfaces, the brittle layer will be continuous over all of the bondline, reducing the toughness of the whole joint. The second possibility is localised voiding at the bondline. This can also happen if air is present during bonding, or if the surfaces are contaminated.
Several researchers [1, 2] have investigated the acoustic properties of hard alpha in Ti-6Al-4V, with particular interest in detecting discrete inclusions caused by high localised concentrations of oxygen or nitrogen. Considerable work has also been reported [3-6, for example] on the reflectivity of ultrasound from arrays of discrete defects found at the bondline in diffusion bonds. The principal aim of the work reported in this paper was to investigate the feasibility of using ultrasound to detect a thin continuous layer of alpha case at the bondline. In practice it was found that significant levels of alpha case at the bondline are frequently accompanied by some voiding. This is a considerable bonus from the point of view of inspection and so the study was extended to include a brief review of the reflectivity from typical bondline voiding. Figure 1 shows a micrograph of a section through a poor diffusion bond, formed when air was deliberately introduced during the bonding process. Both of the potential defects discussed above can be seen in the figure. The etching solution used for the section shows the presence of alpha case as a lighter colour than the parent titanium alloy. Here it can be seen to extend approximately 40 microns on each side of the bondline. It appears on the micrograph that there is a sharp division between the titanium and the alpha case, implying that there is a discrete homogeneous layer of alpha case. However this contrast is misleading because the sensitivity of the etch is not proportional to the degree of alpha contamination, being particularly sensitive to low levels of alpha case. Voiding can also be seen on the micrograph, as a distribution of black marks along the bondline. In this case the voids occupy some 30 % of the total area of the plane of the bondline, the through-thickness dimension of the voids being 1-2 microns.
PROPERTIES OF THE BONDLINE
Any ultrasonic method for the detection of a layer of alpha case embedded at the bondline must rely on some variation of the acoustic properties of the alpha case with respect to the parent sheets. Moreover, the ultrasonic response from a discrete layer of alpha case with homogeneous material properties may be rather different than that from a layer with gradually changing properties. Since the growth of the alpha case is a diffusion process it is quite reasonable to expect that the properties may vary gradually with depth unless oxygen or nitrogen saturation takes place. An important aspect of the work therefore has been to characterise the alpha case material.
Several sheets of titanium were exposed in air at high temperature in order to grow thick layers of alpha case at their surfaces. In one case the extent of exposure was such that, when sectioned, a 1 mm thick sheet showed the presence of some alpha case throughout its thickness, though with apparently varying intensity ( Figure 2 ). In another specimen the penetration of alpha case to a depth of approximately 1 mm was achieved on each side of a 4 mm thick sheet ( Figure 3 ).
Through-thickness velocity measurements were made on untreated titanium sheets and on these treated specimens. The bulk longitudinal velocity was found to be 6200 rn/s in the untreated titanium and 6650 m/s (an increase of7 %) in the exposed 1 mm sheet. The velocity in the 4 mm sheet was approximately mid-way between these values, as should be expected. Similar percentage increases were found in the bulk shear velocities and no appreciable change of density was identified. These differences agree qualitatively with reported measurements [1, 2] of surface wave velocities in hard alpha.
The velocity measurements represent average increases through the thicknesses of the sheets but clearly give no indication of the degree of homogeneity of the alpha case. In order to investigate whether saturation had occurred near the surfaces of the sheets, Vickers microhardness measurements were made across sections of the specimens. Figure 4 shows the results for the three specimens discussed above and the diffusion bonded joint whose bondline was shown in Figure 1 . It can be seen that the presence of alpha case is associated with very large increases in hardness, the hardness at the surfaces of the exposed sheets being approximately twice that of the untreated material. Sharp gradients in hardness can be seen at the surfaces of both of the exposed sheets, indicating that saturation at the surfaces has not occurred in these cases. The hardness at the surfaces of the 1 mm exposed sheet is slightly lower than that at the surfaces of the 4 mm sheet. During exposure of the specimens the hard surfaces tend to flake and detach from the sheets. It is possible that the extent of spalling was greater from the 1 rom sheet than from the 4 rom sheet. The hardness distribution of the exposed Imm sheet also shows that, while alpha case could be seen throughout the thickness, the interior of the sheet is far from saturated. Although it was only possible to make one hardness measurement at the bondline of the diffusion bonded joint, it is evident that the peak hardness at the bondline (at about 60 % depth in Figure 4 ) is at least as high as the average hardness across the exposed lrom sheet.
As a further confnmation that the material properties of the alpha case vary gradually with depth and that there is no step change of impedance, it was observed when making the through-thickness velocity measurements on the exposed 4 rom sheet that no reflections could be seen from the interior of the specimen. The indication from these results is that significant increases in acoustic velocity, probably larger than 7 %, may be found in heavily exposed material. Gradation of material properties is evident in the specimens, in line with the diffusion of oxygen or nitrogen from the surfaces, and therefore the possibility must be considered that the acoustic velocity varies with the depth of the alpha case in a defective joint.
NORMAL INCIDENCE REFLECTIVITY
Two model studies of the reflectivity from defective bondlines are reported here. The first study addressed the presence of a layer of alpha case and the second, of voiding. All of the predictions were made using a model [7] developed at Imperial College for ultrasonic transmission and reflection in multilayered media.
Reflectivity from alpha case
In the first instance a single homogeneous layer of alpha case material was modelled at the bondline of a titanium joint. The bulk longitudinal velocity in the alpha case was assumed to be 7 % higher than in the parent titanium and the density was assumed to be unchanged. Both materials were modelled as perfectly elastic. Predictions of the normal incidence plane wave reflectivity from the joint were made over a range of frequencies. These were convolved with the typical response spectrum of a 50 MHz centre frequency broad band unfocused transducer and were inverse Fourier transformed to give the predicted time domain response to pulsed excitation. The reflection coefficient reported here is the ratio of the amplitude of the reflected pulse from the bondline to the reflected pulse from the front face of the joint, attenuation in the adherend being neglected.
Following these predictions a second series of calculations was performed, assuming varying acoustic properties with depth of alpha case. The layer of alpha case was divided into a number of equal thickness sub-layers, each homogeneous. The acoustic properties of the sub-layers were specified according to a smooth variation with depth. Thus the longitudinal velocity at the centre of the bondline was 7 % higher than in the parent material, falling gradually on each side of the bondline to the parent value at the "edge" of the alpha case. The results reported here were obtained using a 13 sub-layer idealisation; a convergence study using different numbers of layers confirmed that this number of sub-divisions was sufficient for the range of frequencies and thicknesses considered here. that at the left of the graph the coefficient for both curves drops to minus infinity on the log scale. At the high thickness limit the response from the single layer tends to that from a single interface between titanium and alpha case, the layer thickness becoming large enough that the separate reflections from the front and back faces can be resolved. The peak of reflectivity is at about 30 microns layer thickness. The trough at about 65 microns corresponds to resonance of the layer, the dominant wavelength in the broadband signal being about 130 microns. As expected the response from the graded alpha case is somewhat lower than from the single layer. Now there is no upper thickness asymptote and in fact it becomes more difficult to detect the presence of the layer as its thickness increases. At first sight this observation seems surprising but it must be remembered that the peak acoustic velocity at the centre of the layer is the same in all cases so that the acoustic impedance gradient decreases as the layer thickness is increased.
Regarding the practical detection of an embedded layer of alpha case, the fact that both of the parent sheets are identical is of enormous importance. If the bond is perfect then no reflection should be seen from the bondline. If a layer of alpha case exists then the lower limit of detectability will be governed by the degree and profile of material stiffening of the alpha case, by the transducer and by the noise threshold given by grain scattering in the titanium [8] . Using a pulse with a dominant quarter-wavelength similar to the effective thickness of the alpha case, it seems that it should be possible to detect the presence of alpha case down to about 10 microns thickness whether the material properties vary smoothly or not, provided that the acoustic velocity at the bondline is some 5-10% higher than in the parent material.
Reflectivity from voiding
The second study concerns the detection of voids at the bondline. Examination of a small number of sections through defective joints suggests that the voids which can occur with the formation oflow levels of alpha case are small, typically 1-2 microns thick and a few microns in diameter, as shown in Figure 1 . These dimensions are one or two orders of magnitude lower than the wavelength in any practical normal incidence measurement of a joint. As a first approximation the effect of this voiding was incorporated in the model by modifying the homogeneous properties of a thin layer of material at the bondline. A layer thickness of 1 micron was chosen, corresponding to a low void thickness, and the stiffness and density of the layer were reduced linearly according to the void area fraction. Alpha case was not included in the model. A more accurate representation of the effects of voids could be achieved by analysing the size distributions of the voids and applying, for example, the Distributed Spring model of Baik and Thompson [3] . Their model includes the effects of void sizes in addition to 100 the area fraction. In the cases reported here the effective stiffness of the interface corresponds to a void diameter of about 2 microns in Baik and Thompson's model. The reflectivity is therefore likely to be underestimated because the typical void diameter is probably larger than 2 microns and the reflectivity increases with void diameter for a given area fraction. The calculation of the normal incidence reflection coefficients using the layer model was performed in the same manner as described above for the embedded alpha case. Figure 6 shows the variation of the predicted reflection coefficients with the centre frequency of the broadband unfocused transducer. Three curves are shown, each for a different area fraction of voiding. As expected the reflectivity is strongly related to the reduction of impedance of the thin layer, given by the area fraction, and the transducer centre frequency. As with the embedded alpha case the practical limit of detectability of voiding will be determined by the grain scattering noise threshold. It appears that it should be possible to detect voiding down to about 20 % area fraction.
A programme is in progress to produce diffusion bonds with low levels of oxygen contamination at the bondline. It is intended to compare measurements of reflectivity from these specimens with the predictions presented here and with microscopic examinations. This work will be reported in a future paper.
CONCLUSIONS
The feasibility of using normal incidence ultrasound for the detection of a defective layer at the bondline in diffusion bonded titanium joints has been investigated. Two types of defect, a brittle layer of alpha case and voiding, have been considered. Sheets of titanium have been exposed in air in order to grow alpha case at their surfaces. Measurements of these have indicated that the longitudinal bulk velocity in alpha case material is some 5-10% higher than in the normal titanium alloy. Microhardness measurements across the sheets have shown that the alpha case material is much harder than the titanium and also that the material changes are gradual with depth from the exposed surfaces.
Model predictions of the reflectivity from a layer of alpha case at the bondline of a defective joint have indicated that it should be feasible to detect relatively low levels of alpha case, of around 10 microns thickness, using high frequency normal incidence ultrasonics. Model predictions of the reflectivity from voiding have indicated that it should be possible to detect voiding down to about 20 % area fraction.
